pinal arteriovenous shunt (AVS) is a rare condition with a variety of clinical presentations, from acute symptoms related to hematomyelia, spinal subarachnoid, or epidural hemorrhage to chronic progressive neurological symptoms related to spinal cord compression or congestive myelopathy. 15, 30 Spinal AVS can be either nidal or fistulous in terms of angioarchitecture, for which multiple classification schemes have been proposed. 3, 11, 15, 31, 32, 34 AVS can be classified into 4 groups based on their relationship with the spinal dura mater. Intradural shunts comprise AVSs within the spinal dura mater at the spinal cord, filum, or nerve roots. Dural and epidural AVSs are located at the level of the spinal dura mater and epidural space, respectively. Lastly, paraspinal AVS is a shunt located outside the spine. Diagnosing these diseases remains a challenging task, in which age, clinical presentation, and imaging findings are all needed to make the correct diagnosis. Currently, catheter spinal angiography is the gold-standard diagnostic tool for evaluating the cord supply, exact shunt location, and angioarchitectural features needed for therapeutic decision-making. 3, 11, 32 Because of the long length of the spine and lack of image-based predictors of shunt location for non-nidal type spinal AVS, contrast-enhanced spinal MR angiography (MRA) is currently used as a preangiographic evaluation tool for differentiating the type of spinal AVS and determining the shunt location and dominant arterial feeder. One previous study has shown that spinal MRA can substantially reduce the radiation dose and the volume of iodinated contrast medium used in catheter spinal angiography. Spinal arteriovenous shunts: accuracy of shunt detection, localization, and subtype discrimination using spinal magnetic resonance angiography and manual contrast injection using a syringe
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pinal arteriovenous shunt (AVS) is a rare condition with a variety of clinical presentations, from acute symptoms related to hematomyelia, spinal subarachnoid, or epidural hemorrhage to chronic progressive neurological symptoms related to spinal cord compression or congestive myelopathy. 15, 30 Spinal AVS can be either nidal or fistulous in terms of angioarchitecture, for which multiple classification schemes have been proposed. 3, 11, 15, 31, 32, 34 AVS can be classified into 4 groups based on their relationship with the spinal dura mater. Intradural shunts comprise AVSs within the spinal dura mater at the spinal cord, filum, or nerve roots. Dural and epidural AVSs are located at the level of the spinal dura mater and epidural space, respectively. Lastly, paraspinal AVS is a shunt located outside the spine. Diagnosing these diseases remains a challenging task, in which age, clinical presentation, and imaging findings are all needed to make the correct diagnosis. Currently, catheter spinal angiography is the gold-standard diagnostic tool for evaluating the cord supply, exact shunt location, and angioarchitectural features needed for therapeutic decision-making. 3, 11, 32 Because of the long length of the spine and lack of image-based predictors of shunt location for non-nidal type spinal AVS, contrast-enhanced spinal MR angiography (MRA) is currently used as a preangiographic evaluation tool for differentiating the type of spinal AVS and determining the shunt location and dominant arterial feeder. One previous study has shown that spinal MRA can substantially reduce the radiation dose and the volume of iodinated contrast medium used in catheter spinal angiography. 22 Many techniques for contrast-enhanced spinal MRA have been reported, all of which used an automatic contrast injector machine. Due to the small amount of contrast agent used in our institution's routine MRA protocol, we developed a simple contrast injection technique that uses a hand syringe in order to lower the cost of using the injector machine syringe, connecting tube, and Y-valve. Developing this manual technique led us to retrospectively review the accuracy of using contrast-enhanced spinal MRA with the hand syringe contrast injection protocol. The purpose of this study is to determine the accuracy of using contrastenhanced spinal MRA with the manual syringe contrast injection protocol to detect spinal AVS, localize shunts, and discriminate the subtype and dominant arterial feeder of the AVS.
methods participants
This retrospective study received approval from our institutional ethical committee to evaluate all patients with the clinical symptoms and spinal MRI findings suspicious for spinal AVS who were referred to the Department of Radiology, Maharaj Nakorn Chiang Mai Hospital, between January 2010 and June 2014. The exclusion criterion was no available spinal MRA or catheter angiography for interpretation.
mra acquisition protocol
All spinal MR angiograms were performed on a 1.5-T MR imaging system (Signa Excite HD; GE Medical Systems) using an 8-channel cervicothoracolumbar spine array coil that included the entire spinal column and paraspinal area 1 cm lateral to the lateral foramen. The MRA protocol was a 3-phase, 3D, fast-spoiled gradient echopulse sequence with centric k-space filling, 400-mm field of view (FOV) in the craniocaudal direction, 512 × 256 matrix, 0.5-mm-thick sagittal sections, TR of 4.9 msec, TE of 1.4 msec, flip angle of 30°, and 40-to 46-second acquisition time for each phase. For spinal dural AVS cases, the initial MRA FOV was centered to include T-1 to L-5. If the shunting zone was not demonstrated, the FOV was shifted to include the cervical spine or sacrum depending on the location of the suspicious shunt on the earlier MR angiogram. No presaturation band was used. Intravenous access was obtained using an intravenous catheter no smaller than 20 gauge at the right antecubital vein. An 18-inch-long extension tube was used to connect the venous catheter to a 3-way Luer lock valve with a 20-ml disposable syringe filled with contrast and saline. The contrast injection protocol consisted of hand syringe injection of 0.15 mmol/kg gadobenate dimeglumine (MultiHance) to a maximum volume of 20 ml, which was delivered at an approximate injection flow rate of 3 ml/second, followed by 20 ml of saline flush at the same rate. Contrast injection in all cases was performed by the same MR technician who was trained to control the injection rate to approximately 3 ml/second for adult cases and 2 ml/second for pediatric cases. MR fluoroscopy was used to determine the optimal scan delay, which was the time required to visualize the maximal enhancement of the entire aorta down to the aortic bifurcation.
image postprocessing and interpretation
The MRA images were subtracted from the precontrast images on the AW workstation, and maximum intensity projection (MIP) images in the sagittal, coronal, and axial planes were created. Interpretation of each spinal MRA was made by agreement between 1 neuroradiologist and 1 neurointerventionist, both of whom have experience performing diagnostic catheter spinal angiography. The collected data included the detection of spinal AVS, subtype of spinal AVS, location of the shunt, and the dominant arterial feeder of the shunt. The criteria used for interpreting spinal MR angiograms included the enhancement and dilation of the spinal vein (either the intradural, epidural, or paraspinal vein) on the first phase of the spinal MRA (venous arterialization).
criteria used for Subtype discrimination

Paraspinal AVS
Paraspinal AVS demonstrated an ectatic artery outside the spinal canal with arterialization of the paravertebral vein, with or without arterialization of the intradural perimedullary vein or epidural venous plexus. 10, 14, 32, 35 Spinal Dural AVS
The ventral and dorsal epidural group demonstrated arterialization of the dilated spinal ventral or dorsal epidural venous plexus, with or without arterialization of the intradural perimedullary vein. 8, 9, 12, 13, 15, 18, 19, 21, 32 The lateral epidural group demonstrated arterialization of the intradural perimedullary vein in combination with hyperintense signal change of the spinal cord on the T2-weighted image and no arteriovenous malformation (AVM) nidus. 7, 13, 15, 19, 22, 26, 32 
Intradural AVS
The fistulous-type AVS demonstrated an enhanced dilated perimedullary vein or an ectatic venous pouch in combination with an enlarged spinal artery and no AVM nidus. 7, 11, 15, 20, 32 The nidal-type AVS demonstrated a tangled tortuous vascular network of AVM nidus on or embedded within the spinal cord, conus, or nerve root. 11, 20, 32 Spinal Arteriovenous Metameric Syndrome
Spinal arteriovenous metameric syndrome demonstrated multiple AVS locations with metameric links. 32 Representative images of each spinal AVS subtype are shown in Figs. 1 and 2.
Shunt localization
Paraspinal and intradural AVSs were determined by identifying the vertebral level where the enlarged arterial feeder connected to the ectatic vein or level of the AVM nidus. The lateral epidural AVS was determined by identifying the vertebral level of the fistula draining vein (near the neural foramen) that connects to the dilated perimedullary venous plexi. 6 The ventral and dorsal epidural AVSs were determined by identifying the vertebral level of the arterialized spinal epidural venous plexus seen on the first-phase spinal MRA.
correct Shunt localization
Correct shunt localization on MRA was considered when not more than 1 vertebral level difference above or below was noted in comparison with the shunt level documented on catheter angiography. The dominant arterial feeder was defined as the largest arterial feeder of the AVS.
catheter Spinal angiography
Within 2 weeks after MRA, all patients underwent catheter spinal angiography using a flat panel, biplane, vascular imaging system (Infinix VF-i/BP; Toshiba Medical Systems). The procedure was performed under general anesthesia with transient apnea during contrast injection. Multiple selective arterial injections were performed to detect the presence of spinal AVS, the vertebral level of the AVS, the spinal cord, and the shunt's arterial supply.
Statistical method
The Stata program (version 11.0) was used to analyze the sensitivity, specificity, and accuracy of the spinal MRA.
results participants
There were 20 spinal AVS patients during the study period: 6 patients with paraspinal AVS, 6 patients with spinal dural AVS, and 8 patients with intradural AVS. Five patients, all with the diagnosis of vertebrovertebral fistula, were excluded because CT angiography was used as the diagnostic tool instead of spinal MRA. Fifteen patients who received 20 spinal MRA and catheter angiography studies were included for image interpretation. Fourteen studies were pretherapeutic studies, and 6 studies were follow-up studies after treatment. The demographic characteristics, presentations, shunt locations, and the accuracy of spinal MRA for detecting and evaluating spinal AVS are summarized in Table 1 .
detection of Spinal aVS
Spinal MRA was able to demonstrate the arterialized draining vein during the first-phase scan in all 17 studies with AVS confirmed by catheter angiography. There was no AVS in 3 posttreatment follow-up studies in which spinal MRA showed a true negative result.
aVS Subtype discrimination and Shunt localization
Using our criteria, spinal MRA was able to correctly classify the spinal AVS subtype and locate the shunting level in 16 of 17 studies (94.1%). An erroneously diagnosed case was a perimedullary micro-AVF, which was diagnosed as a spinal dural AVS because MRA was unable to differentiate the enlarged spinal feeding artery from the arterialized perimedullary veins.
detection of the dominant arterial Feeder
The AVS dominant arterial feeder was visualized by spinal MRA in 9 of 17 studies on AVS (52.9%). MRA was unable to demonstrate the dominant arterial feeder in all cases with ventral epidural dural AVS or posttreatment residual dural AVS, 1 case of spinal dural AVS with arterial supply from the lateral spinal artery, 1 case of thoracic cord AVM, and 1 case of perimedullary micro-AVF.
The sensitivity, specificity, accuracy, positive predictive value, and negative predictive value of spinal MRA for detecting spinal AVS and the dominant arterial feeder, discriminating the AVS subtype, and localizing the shunting area are summarized in Table 2 .
discussion
A total of 20 spinal AVS cases were collected during the 4.5-year study period, with a close distribution of numbers between subtypes. Intradural AVS was the most common subtype in our series, not spinal dural AVS as stated in previously reported studies. 15, 17, 25 Many spinal MRA techniques have been proposed for detecting the normal spinal cord vessel and evaluating spinal AVS. Contrast-enhanced time-of-flight provides adequate spatial resolution for evaluating the spinal cord vessel. Due to its long acquisition time and lack of temporal resolution, only the large spinal cord veins in normal subjects and spinal AVS patients can be demonstrated. 5, 6 The 2D and 3D phase-contrast MRA techniques using a maximum encoding velocity of 20 to 30 cm/second for high-flow spinal AVS, or 6 to 10 cm/second for lowflow spinal AVS, and the injection of an intravenous MR contrast medium have been shown to demonstrate the enlarged arterial feeders of the high-flow spinal AVS and enlarged veins in cases with spinal AVS. The limitations of this technique are the lack of temporal resolution and the difficulty in selecting the optimal encoding velocity for each spinal AVS. 23, 24, 29 Time-resolved spinal MRA is a new MRA technique that combines fast multiphase MRA with parallel imaging to improve the temporal resolution (3-7 seconds) in exchange for image spatial resolution and signal-to-noise ratio. This technique was able to identify and localize spinal AVS on 1.5-T MRA and also demonstrate the artery of Adamkiewicz on 3-T MRA. 1, 4, 16, 33 Currently, the most commonly used MRA technique for detecting and evaluating spinal AVS is fast 3D contrast-enhanced MRA using elliptic centric k-space encoding with an acquisition time less than 1 minute/phase and spatial resolution adequate for demonstrating pathological intradural vessels. 2, 27 Our spinal MRA technique has 2 different technical aspects, which are 1) the use of hand syringe contrast in- jection instead of an automatic contrast injector machine and 2) the dose of the gadolinium-based contrast agent lowered to 0.15 mmol/kg. The rationale for choosing the MR contrast agent and injection dose are based on the fact that gadobenate dimeglumine's relaxivity for shortening T1-weighted signals is twice as high as those of other MRI contrast agents at 0.5 mmol/ml, and the standard dose of 0.1 mmol/kg body weight is sufficient for performing MRA on the cerebral vessels. 28 Because spinal vessels are much smaller than cerebral vessels, we increased the dose of the contrast agent to 0.15 mmol/kg body weight in order to increase the contrast-to-noise ratio of the spinal vasculature. The reasons why we did not increase the dose to its maximum dose of 0.2 mmol/kg were to lower the investigation costs and the risk of nephrogenic systemic fibrosis, which increases with higher doses of the contrast agent. The low viscosity and the small amount of gadoliniumbased contrast agent used led us to initiate the administra- This study showed a 100% sensitivity and specificity rate for the detection of the presence of spinal AVS with no false-positive or false-negative results. Various subtypes of spinal AVS were included to study the accuracy of the diagnostic criteria for subtype discrimination, which incorporated both spinal MRI and MRA findings. Our spinal MRA and diagnostic criteria demonstrated 97% accuracy for differentiating each subtype of spinal AVS, with the exception in the perimedullary micro-AVF subtype. In our opinion, this exception was caused by the limitations of MRA's spatial and temporal resolution to separate small arterial feeders from the much larger arterialized draining veins. Our MRA protocol limited the spatial and temporal resolution, as shown by the 52.9% detection rate of the shunt's dominant arterial feeder and the low detection rate of the artery of Adamkiewicz. Using a larger amount of contrast agent, or a larger bolus and faster constant injection rate by an injector machine, will improve the contrast-to-noise ratio of the MRA images, which will help improve the spatial resolution of the image and yield a better detection rate of the shunt arterial feeder. However, to further improve the detection of the shunt's dominant arterial feeder, we needed to decrease the acquisition time in order to improve the image's temporal resolution so an earlier enhancing artery could be differentiated from the vein. Because our MRA technique used 3D contrast-enhanced MRA, which has a limited temporal resolution, the detection of the shunt's dominant artery feeder will still be a limitation of this technique despite improvements in the image's spatial resolution. Future improvements in both MRA's spatial and temporal resolution, or better postprocessing image reconstruction techniques, are needed to increase the detection rate of these small arteries, which provide the important data needed for guiding catheter spinal angiography. It should be stressed that despite the high accuracy rate of spinal MRA in our study, the statistical power of the results was still insufficient due to the small number of spinal AVS samples. Therefore, a larger sample size is needed in the future to boost the statistical power of this study. Currently, catheter spinal angiography is still required for the complete evaluation and follow-up of spinal AVS at our institution. To the best of our knowledge, this study contained the largest number of posttreatment follow-up cases where spinal MRA showed a 100% accuracy rate for the detection of residual AVS. In the future, if a larger posttreatment follow-up population is obtained, we could avoid performing catheter spinal angiography on cases with negative spinal MRA.
conclusions
We showed that limiting the use of contrast media, not using an automatic injector machine, and using our fast 3D contrast-enhanced MRA technique with manual syringe contrast injection can accurately detect the presence of spinal AVS, locate the shunt level, and discriminate the AVS subtype in most cases, but is limited when detecting small arterial feeders.
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